Estimation of Showmelt Runoff in Beas Basin, India
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Abstract

Estimation of snowmelt runoff is very important in the Western Himalayan riversin India whereit isrequired to
plan for hydropower generation and the water management during the non-monsoon season. An attempt has been
made to estimate snowmelt runoff on a 10 day average basisin Beas Basin up to Pandoh Dam during May, 1998 and
November, 1999 using a Showmelt Runoff Model (SRM), which is a degree day method. The input parametersfor the
model are derived from existing maps, satellite data, metrological and hydrological data. The relief of the basin is
divided into 12 elevation zones of 500 m each. The temperature was extrapolated to these elevation zones using
temperature lapse rate calculated using the observed temperature at seven stations within the basin. Show covered
area in the basin was determined using Indian Remote Sensing Satellites IRS- 1C / 1D Wide Field Sensor (WMFS).
The runoff from the snow covered area and snow free area was separately calculated in each elevation zone. The
model parameter degree-day factor is taken from literature and runoff coefficients for snow and rain are derived
using the observed data. The total discharge at the dam site is computed by a weighted sum of runoff components
fromall the elevation zones. Thereisa good agreement between the observed and computed runoff with a coefficient

of determination of 0.854 and the difference in volumeis + 4.6 %.

I ntroduction

The Himalayas are the largest mountain range in the
world, extending over a length of 2500 km. They are the
storehouse of fresh water for the Indus, Ganga and
Brahmaputra rivers. Snowmelt runoff varies from west to
east and is important in the Western Himalayas as Ganga
river originates here. The proportion of the annual stream
flow generated from snowmelt in the Himalayasis about 30-
50 % of themagjor rivers (Aggarwal, 1983). Snowmelt runoff
is important as it starts in the spring (March to May) when
water is needed most, particularly if the monsoon in the
previousyearshasfailed. Despite theimportance of snowmelt
water contribution to the hydrology of the Himalayan Rivers,
its characteristics are less understood primarily due to the
complexities of the processes involved in snow hydrology
and thelack of hydro-meteorological datainthehigh altitude
areas. The unique combination of intense seasonal
precipitation and steep topography makes the hydrology in
the region very complex. The seasonal snowline descendsto
an altitude of 2000 minthewestern part of the Himalayas by
February. As the snowmelt commences in March, the snow
line starts receding upwards and by the end of June to an
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altitude of 4500 m. Snowmelt studiesin India have not been
carried out in detail in spite of their primeimportancefor the
management of the water resources. Only some efforts have
been made to develop regression relationships between the
snow cover area (SCA) and runoff (Ramamoorthi, 1986).

Accurate estimation of the volume of water stored in the
snow pack and its rate of release is essential to predict the
flow during the snowmelt period. For an estimation of the
snowmelt, the information on snow cover depth and water
equivalent isapre-requisite. In the mountai nous watersheds,
very littleinformation rel ating to meteorol ogical and physical
factorsaffecting runoff isavailable. Snowmeltisnot measured
quantitatively but must be estimated.

The factorsinvolved in the computation of snowmelt are
so numerous that it is practically impossible to account for
al of them. Some of them are not regularly measured or are
available only on experimental sites. An important variable
in the mountainous watersheds during the snowmelt season
isthe aerial extent of the snow cover. It determines the part
of the watershed, which contributes to the snowmelt runoff.
Periodical monitoring of the SCA during the snowmelt season
is an essential requirement for short-term forecasts of the
daily river flowsand for seasonal forecasts of runoff volume.
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Measurement of snow cover in the mountainous basinsis
very difficult. Conventional methods have limitationsin the
monitoring of snow-covered area in the Himalayan basins
because of inaccessibility. Because of thedifficulty of making
field measurements in snow covered mountainous regions,
remote sensing is perhaps the only means of measuring
snow cover extent and properties. Remote sensing data can
be used to obtain information about ice and snow in the
visible, Near Infra Red (NIR), Thermal Infra Red (TIR),
microwave wavel engths and geographic information system
(GIS) can used to store, process and analyse the spatial data
and their attributes. In terms of snowmelt runoff estimation,
SCA and temperature areimportant parameters of estimation
and can be obtained from remote sensing data and
meteorological data. The generation of different elevation
zones and a variety of thematic maps such as drainage,
contours and their spatial and non-spatial analysis can be
carried out through Gl Stechniques. Visual analysisof remote
sensing is generally used to delineate the SCA.

Objectives of the study

In the present study the Snowmelt Runoff Model (SRM,
Martinec, 1986) is used with ground information and
meteorological data. The Beas Basin up to Pandoh Dam is
selected for carrying out the study and the degree-day
approach was adopted for snowmelt runoff estimation.

The main objectives of the study are as follows:

* Deriving the parametersrequired for the Snowmelt Runoff
Model, using the geo-spatial database derived using
satellite, topographic and meteorological data.

e Computation of runoff using Snowmelt Runoff Model.

e Comparison of the observed and computed runoff.

Review of literature

Martinec (1975) developed a snowmelt runoff model in
small European basins. Rango (1983) applied remotely sensed
snow cover data in snowmelt runoff modelling and Dozier
(1984) demonstrated that LANDSAT 5 band 5 (1.57-1.78
um) is useful in discriminating between clouds and snow.
Griggs (1968) has shown that melting snow has an emissivity
as high as99% and non-snow area hasemissivity lessthan or
equal to 95%.

Singh and Quick (1993) carried out stream flow simulation
for the Satluj River in the western Himalayan region using
the University of British Columbia (UBC) watershed model.
The results indicated that combining two hydrologically
different watersheds into a single watershed reduces
simulation or forecasting accuracy. It was aso concluded
that spatial distribution of precipitation isthe most important
factor in stream flow simulation because the model from
precipitation- elevation relationships builds up snow pack.

Singh, et al., (1997) estimated the average contribution of
snow and glacier melt to the annual flow of the Chenab river
at Akhnoor over a 10 year period using a water balance
approach. Variability of the snow-covered area was also
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studied for the same period. It was concluded that 70.2% of
the total drainage area was covered by snow during March/
April and 24.3% remains covered by perpetual snow and
glacier in September/October. The contribution of snow and
glacier melt was 49.10%.

Singh, et al., (2000) determined the degree-day factor of
snow and ice at an altitude of about 4000m over Dokrani
Glacier inthe Garhwal Himalayasregion. Theinfluence of a
natural fine dust layer of 2mm thickness was al so studied on
snow and ice degree-day factors. The average degree-day
factor for clean snow and dusted snow was computed to be
5.7 and 6.4 mm/°C/day respectively, whereas for clean ice
and dusted icethisfactor wasfound to be 7.4 and 8.4 mm/°C/
day respectively. The presence of dust on the ice increased
the degree-day factor by about 9%, whereas for snow it
increased by about 12%, which indicated that the effect of
dust on degree-day factor for snow was more pronounced
than that for ice. The study confirmed that the average daily
temperature computed as the mean of maximum and
minimum temperatures is an equally good approach in both
snowmelt and glacier melt runoff cal culations when hourly
data are not available.

Singh, et al., (2000) studied the storage characteristics of
the Dokrani glacier and the influence of changes in the
storage capacity on the hydrologic response of the basin. It
showed that nighttime flow is as high as daytime flow
throughout the melt season. In the beginning of the melt
season, the night time flow is almost equal to daytime flow,
but in the later part of the melt season, night time flow is
slightly lower than the day time flow. The reduction in snow
pack area and depths resulting in exposition of larger extent
of glacier ice surface and development of drainage network
with melt season were understood to be the main factors
attributing to reduction in storage capacity with advancement
of melt season. It was observed that the hydrologic response
of the basin becomes faster with time during the melt season.
The results also indicated that the delaying influence of the
glacierised basin reduceswith time dueto changesin physical
condition of the basin and results in a quicker response of
melt water to stream flow in mid or late melt season.

Kumar, et.a., (1993) studied in the Beas basin up to
Thalot gauging site with a drainage area of 5144 km”. The
basin was divided into 6 elevation zones and snow cover
areawasderived usingthe LANDSAT Multi Spectral Scanner
(MSS) sensor data. The finding of this study is a relative
seasonal difference of 18.1 % and a goodness of fit of 0.78
between observed and computed snow melt runoff.

Physics of snowmelt: The physics of melting of snow and
transformation of melt water into runoff are very important
aspect of snow hydrology. Snowmelt is the overall result of
different heat transfer processesto the snow pack. Thesunis
the ultimate source of energy responsible for the melting of
the snow pack. There is a complex interaction between the
incoming solar radiation, earth’s atmosphere and terrain
surface. Hence anumber of intermediate stepsin the process
of energy transfer to the snow surface have to be considered
to understand the process of snowmelt and also to make



guantitative estimations of the melt (Singh and Singh, 2001).

The principal fluxes of heat involved are:

 Absorbed solar radiation,

« Interchange of long wave radiation between the snowpack
and the atmosphere and surrounding features,

 Convective heat transfer to the air,

« Latent heat of vaporization released by the vapor condensed
from the snow surface,

 Conduction of heat from the ground from the snow pack,

 Heat transferred from the snow pack.

M ethods of snowmelt computation

There are two basic approaches generally adopted for
estimation of snowmelt from asnow pack. Thefirst approach
isknown as Energy Budget or Energy Balance Approach and
the secondisthe Temperature Index of Degree-Day A pproach.

Energy Budget or Energy Balance Approach: The energy
bal ance or heat budget of asnow pack governsthe production
of melt water. This method involves accounting of the
incoming energy, outgoing energy, and the changein energy
storage for a snow pack for a given period of time. The net
energy is then expressed as equivalent of snowmelt. The
seasonal variability in the energy inputsavailablefor meltin
general increases towards the poles. The energy balance
(Singh and Singh, 2001) of the snow pack for any time
interval can be expressed as

Qm:Qnr+Qh+Qe+Qp+Qg+Qq

Where,

Qm = Energy available for melting of snowpack

Qw = Net radiation

Qn = Sensible or convective heat from the air

Q. = Latent heat evaporation, condensation or sublimation

Q, = Heat content of rainwater

Q, = Heat gained through conduction from underground

Qg = Change of internal energy of the snowpack
Thepositivevaue of Q, will resultinthe melting of snow.

But because of the numerous and specific required datato use

the energy balance method and their non-availability for this

study, the Degree-Day method was chosen.

Degree-Day method

In the Himalayan M ountains, the meteorol ogical network
for datacollectionisvery poor. The most generally available
data are daily maximum and minimum temperatures,
humidity measurementsand surface wind speed. Temperature
indices are widely used in the snowmelt estimation because
it is generally considered to be the best index of the heat
transfer processes associated with snowmelt. Air temperature
expressed in Degree-Day is used in snowmelt computations
as an index of the complex energy balance leading to
snowmelt.

A degree-day is a unit expressing the amount of heat in
terms of persistence of a temperature for 24-hour period of
onedegree centigrade departure from areference temperature.
Thesimplest and the most common expression relating daily
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Figure 1 Drainage network of Beas basin (up to Pandoh dam) with
location of hydro-meteorological station.

snowmelt to the temperature index is,
M = Df (Ti-Tb)

Where,
M = Melt produced in cm of water in a unit of time
D; = Degree-day factor (cm °C™ day™)
T: = Index air temperature (°C)
T, = Base temperature (usually 0°C)
Mean daily temperature isthe most commonly used index
of air temperature for snowmelt.

Snowmelt Runoff Model (SRM): The Snowmelt-Runoff
Model (SRM: alsoreferredtointheliteratureasthe“Martinec
Model” or “Martinec-Rango Model”) isdesigned to simulate
and forecast daily stream flow in mountain basins where
snowmelt is a major runoff factor. SRM was developed by
Martinec (1975) in small European basins. Thanks to the
progress of satellite remote sensing of snow cover, SRM has
been applied tolarger basins. SRM can be applied in mountain
basins of amost any size (so far it hasbeen used from 0.76 to
122 000 km®) and any elevation range (WMO, 1986). A
model run starts with aknown or estimated discharge value
and can proceed for an unlimited number of days, aslong as
the input variables - temperature, precipitation and snow
covered area- areprovided. In additionto theinput variables,
the area-elevation curve of the basin is required. If other
basin characteristics are available (forested area, soil
conditions, antecedent precipitation, and runoff data), they
are of course useful for facilitating the determination of the
model parameters. SRM can be used for the following
purposes:

e Simulation of daily flowsin asnowmelt season, in ayear,
or in a sequence of years. The results can be compared
with the measured runoff to assess the performance of the
model and to verify the values of the model parameters.
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Simulations can also serve to evaluate runoff patternsin
ungauged basins and in ahypothetically changed climate.
* Short term and seasonal runoff forecasts.

Model structure: Each day, the water produced from
snowmelt and rainfall iscomputed, by the using the equation
(Martincec, et.al., 1998);

Q1= [Csnan (Ty + AT;) Syt Cro P] ¥ A*(10000/86400) * (1-Kper)+ Qn Knea

where:

Q = averagedaily discharge (m’s™)

C = runoff coefficient expressing the losses as a ratio
(runoff / precipitation), with cs referring to snowmelt
and crtorain

degree-day factor [cm-°C*d™"] indicating the
snowmelt depth resulting from 1 degree-day

number of degree-days [°C-d]

The adjustment by temperature lapse rate when
extrapolating the temperature from the station to the
average hypsometric elevation of the basin or zone
[°Cd]

Ratio of the snow covered areato the total area
Precipitation contributing to runoff [cm]. A pre
selected threshold temperature, TcrT, determines
whether thiscontributionisrainfall andimmediate. If
precipitation is determined by Tcrit to be new snow,
it is kept on storage over the hitherto snow free area
until melting conditions occur.

area of the basin or zone [km’]

recession coefficient indicating the decline of
discharge in a period without snowmelt or rainfall:

>
I

=~ >

Qn+1 (n, n+1 are the sequence of days during a
Q. truerecession flow period).

n = sequence of days during the discharge computation
period

10000

86400

In the present study since datawere available as temporal
average on 10 days, the model is modified and used to
compute average snowmelt runoff over 10 day increments.

= Conversion from cm*km*d™* to m’s*

Study Area

The Beas basin up to Pandoh Dam is chosen for the study
based on the availability of satellite data and meteorological
data. The Beas River isan important river of the Indus River
system. It takes off from the Rothang Pass at an elevation of
3900m and flows nearly north-south direction up to Larji. At
Larji it takes a right angle and turns towards the southwest
and flows in the same direction up to Pandoh Dam. The
length of the Beas River up to Pandoh is 116 km, among its
tributaries Parbati and Sainj Khad Riversare glacier fed. The
Beas River catchment up to Pandoh dam is 5406 km” out of
which only 538 km’ (from satelliteimage of October 1998) is
under permanent snow (figure 1). The catchment area is
largely comprised of precipitous slopes and the rocks are
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mainly bare. There are high peaksin the east aswell asin the
north of theriver valley. The altitude varies from 802 m near
Pandoh Dam up to 6600 m on the northeast border of the
Parbati sub-catchment. A considerable portion of the river
becomes snow covered during winter. During the summer,
the BeasRiver ismainly fed by snowmelt. Some of the major
tributaries which join upstream of Pandoh dam are: Parbati
River near Bhuntar, Tirthan and Sainj Rivers near Larji,
Sabari Nala near Kulu and Bakhli khad bear Pandoh Dam.
Pandoh Dam isprimarily adam to divert water from the Beas
River to Satluj River for power generation at Dehar Power
House located on the right bank of River Satluj.

Data Used

Remote sensing data, hydro-meteorol ogical dataand other
data have been used. More details of the data used are given
here. The snow cover area in the Beas basin during May
1998 - November 1999 was determined using Indian Remote
Sensing (IRS) satellite 1C/1D Wide Field Sensor (WIFS)
satellite data. The WIFS sensor has 2 bands one each in
visible (0.62 - 0.68 um) and near infrared band (0.77 - 0.86
um) of electro-magnetic spectrum. This sensor has a coarse
spatial resolution of 188 m, which is adequate for large
catchments. Hydro-meteorological data at a temporal
frequency of ten daily (average) / daily rainfall data, ten
daily (average) / daily temperature, ten daily (average)
discharge were obtained from various sources such as Bhakra
Beas Management Board (BBMB), Pandoh, Indian
Agriculture Research Institute (IARI) research station,
Katrain and Snow and Avalanche Studies Establishment
(SASE), Manali.

Tendaily (average) / daily precipitation datawereavailable
at 10 rain gauge stations namely Pandoh, Banjar, Bhuntar,
Katrain, Sainj, Janjheli, Manali, Solang, Dhundi, Bahang.
Ten daily average / daily maximum and minimum
temperature were available for 7 stations Pandoh, Bunthar,
Larji, Katrain, Manali, Balang, Dhundi. Discharge is
measured in various tributaries of Beas River, however in
the present study the ten daily average discharge at the basin
outlet i.e. Pandoh dam is used in the present study. The
location of the meteorological stations and the drainage
network isshowninfigure 1. Other dataused in the study are
basin boundary and digital elevation model.

SRM Moded Parameters

Model parameterswerederived from basin characteristics,
meteorological characteristics and other information.

Basin characteristics: The basin characteristics derived are
elevation zones, area - elevation curve. Using the available
digital elevation model, the relief of Beas basin is divided
into 12 elevation bands or zones, of 500 m each. Using these
elevation bands/ zones, the mean el evation of each elevation
zone is calculated, which is used to extrapolate the base
station temperatures to different elevations and to calculate



the degree-day factor(s) in each elevation zone. The
meteorological factors derived are distribution of rainfall by
Thiessen polygon, temperature distribution within each
elevation zones and degree-day factor. There are 10
meteorological stations where rainfall / snowfall data are
being recorded. Among these, 7 stations are recording only
rainfall and 3 stations are recording rainfall / snowfall. As
rainfall / snowfall measurement isapoint measurement, itis
converted to spatial datausing the Thiessen polygon method.
Using Thiessen polygon and the elevation zones, weighted
rainfall in each elevation zone is calculated for the SRM
model.

Temperaturedistribution: Asthe SRM model is a degree-
day method; temperature is an important parameter spatially
aswell astemporally. Thetemperature dataare being recorded
in 7 stations with elevation varying from 837 m to 3050 m.
Using these data, the lapse rate i.e. relation between
temperature and elevation is calculated. During the years
1998 and 1999, the lapse rate was found to be 0.65°C and
0.69°C per 100m. Using this lapse rate the temperature at
mean elevation of each elevation zone is calculated using
temperature from the nearest station where it was measured.
Critical temperature is assumed as 0°C in this study, to know
whether precipitation is rain or snow fall in each elevation
zone. The degree-day factor convertsthe snow cover to snow
melt expressed in depth of water. Degree-day factor is
influenced by thephysical propertiesof snow pack and because
these properties change with time, this factor also changes.
Thisstudy was carried out during the May 1998 to November
1999. During the year 1998, the snow accumul ation seasonis
from November onwards, during which only fresh snow will
be there, hence the degree day factor used is 5.5 mm°C-1
day™ and snow accumulation continues up to April and when
actual snowmelt occurssnow will be dusted, hencethedegree
day factor of 6.0 mm°C" day™. Thesevaluesarevery closeto
the actual observed degree-day factors (Singh and Kumar,
1996) in Western Himalayas.

Snow cover ed ar ea: Thisisdynamic parameter was derived
using IRS-1C / 1D WIFS sensor during May 1998 to
November 1999, with one satellite image for each month.
However, for several months during monsoon (July -
September, 1998) and March, April and August, 1999 satellite
data was not available due to cloud cover. Using these
satellite data, the snow line is delineated by visual
interpretation and the percentage of snow cover areain each
of the elevation zones is calculated and used in the model.
During the monthswhere satellite datawas not avail able, the
percentage of snow cover areais interpolated linearly from
the available nearest month in each elevation zone. The
monthly snow cover percentages in each elevation zone are
givenintable 1.

Runoff coefficient of rain: Thisindicatesthe percentage of
rainfall converted to runoff. This has been calibrated based
on the observed runoff on amonthly basis.

Runoff coefficient of snow: This indicates the percentage

of snowfall converted to runoff. This has been calibrated
based on the observed runoff on a monthly data.

Recession coefficient: Recession coefficient indicates the
fraction of the discharge contribution from previous day’s
snowmelt on agiven day. Inthisstudy, the observed 10 daily
average discharges are plotted on log-log scale and the
recession coefficient is determined on a 10 daily basis,
which isthe slope of the best-fit line. The coefficient of rain
and snow and recession coefficient used in this study are
givenintable 2.

Table 2 Coefficient of Rain (Cr), Snow (Cs) and Recession (k).

Month Cr Cs k
May 0.23 0.20 0.98
Jun 0.67 0.65 0.99
Jul 0.32 0.17 0.96
Aug 0.36 0.27 0.84
Sep 0.30 0.27 0.78
Oct 0.28 0.20 0.78
Nov 0.04 0.17 0.68
Dec 0.05 0.54 0.75
Jan 0.17 0.60 1.00
Feb 0.18 0.17 1.00
Mar 0.12 0.58 0.99
Apr 0.24 0.60 0.98
May 0.33 0.64 0.98
Jun 0.84 0.68 0.97
Jul 0.75 0.60 0.96
Aug 0.15 0.05 0.97
Sep 0.02 0.06 0.98
Oct 0.04 0.17 0.99

Table 1 Snow Cover Area (percentage) in Elevation Zones.
Monthly SCA per Elevation Zonein May, 98 to Nov,99 (%)

Elev. Zone| E F G H | J K L

MAY 98 0.7 | 234 | 789 | 97.3 | 99.9 |100.0|100.0 | 100.0
JUN 02 | 25 | 335|839 978 |99.9 |100.0|100.0
JUL 01 | 19 | 253|675 | 94.8 | 99.9 |100.0|100.0
AUG 01 | 12 | 170|511 | 91.8 | 99.8 | 100.0|100.0
SEP 00 | 06 | 88 |34.7 | 889 | 99.7 |100.0|100.0
OCT 00 | 0.0 | 06 | 18.3 | 859 | 99.6 |100.0|100.0
NOV 00 | 00 | 121 |69.4 | 97.3 | 99.9 |100.0|100.0

DEC 98 00 | 04 | 199|721 975|999 |100.0{100.0
JAN 99 00 | 05 | 56.0 | 86.1| 98.8 |100.0|100.0{100.0

FEB 00 | 0.6 | 92.1 |100.0/100.0|100.0|100.0|100.0
MAR 01 | 57 | 71.2 | 93.7 | 99.8 |100.0|100.0|100.0
APR 01 | 54 503|874 |99.7100.0|100.0/100.0
MAY 02 | 52 | 294 | 8L0 | 99.5|100.0{100.0|100.0
JUN 00 | 1.2 | 82 | 386 | 823 | 97.7 |100.0]100.0
JUL 0.0 | 007|104 | 143 | 68.7 | 96.2 |100.0|100.0
AUG 00 | 00 ] 06 | 97 | 545|918 98.7[100.0
SEP 00|00 ] 01|50 |403|874 974 ]100.0
OCT 00| 00|00 | 12 |286|619]|736]|470

NOV 99 00 | 01 ] 69 |287 600 856|896 | 630
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Figure 2 Comparison of Observed and Computed runoff of 10 daily averages at Pandoh Dam.

Table 3 Parameters of SRM model, their units and the temporal frequency

M odel Parameter Splelo] Units Time Period
Runoff coefficient of Snow | Cs - Monthly
Runoff coefficient of Rain | Cr - Monthly
Degree day factor a emoCtd? | Yearly
Critical temperature TeriT “C Constant
No. Of degree days T °C.d 10 - Daily
Temperature lapse rate y °C/ 100m | 10 - Daily
Snow cover percentage S % Monthly
Rainfall P cm 10 - Dally
Elevation zone area A Km? Constant for each Zone
Récession coefficient k - 10 - Daily
Previous day’s discharge | Q, cumecs 10 - Daily
Ten Daily n day 10 - daily

SRM model calculations: All the parameters derived as explained
above are used in the calculations. The list of parameters and their
temporal frequency is shown in table 3. The snowmelt calculated for
each of the elevation zone using the equation (for description of
symboals, refer table 3)

Qni1=[Csn@n (T + ATy) Sit Cra P * A*(10000/86400) * (1-Kn+1) + Qn Knvr
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The snowmelt runoff cal culated using the SRM
model is compared with the observed data at the
Pandoh dam site. The observed and calculated
runoff for 10-day averages are plotted and shown
infigure 2.

The linear regression relationship between the
observed and calculated runoff is
Q1 = 0.9909 * Q; + 36.959

Where
*, = Calculated discharge (cumecs)
Q: = Observed discharge (cumecs)

The regression coefficient is 0.859. The
assessment of model accuracy as given in the
SRM model (Martinec et.al, 1998) is coefficient
of determination and volume difference, which
are calculated using this equation,

2 ,
Roq. Z(Ql‘Ql) o= Vi - Vi

M 100
3007 Ve
Where,
R® = Coefficient of determination
Q: = Observed 10 daily average discharge
Qi = Cadculated 10 daily average discharge
Q = average daily discharge for the computed

year or computed season



n number of ten daily
D, = percentage difference between the total measured
and computed runoff

Vr = measured runoff volume
Vg = computed runoff volume

Average monthly deviation of computed runoff with
observed runoff is+ 4.6 %. The coefficient of determination
obtained is 0.854. Results of the present study is an
improvement over the results of previous study by Kumar,
et.al., (1993) in Beas basin in which a computed seasonal
snowmelt differ by -5.4 % with observed snowmelt runoff
and the coefficient of determination of 0.845.
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